15 Variable RBE in proton therapy: comparison of model predictions and their impact on clinical-like cranial lesions  by Bauer, J. et al.
S6  ICTR-PHE 2016 
 
[2] Marc Desrosiers, Larry DeWerd, James Deye, Patricia 
Lindsay, Mark K. Murphy, Michael Mitch, Francesca 
Macchiarini, Strahinja Stojadinovic, Helen Stone. The 
Importance of Dosimetry Standardization in Radiobiology 
Journal of Research of the National Institute of Standards and 
Technology Volume 118 (2013). 
[3] PXI Precision X-Ray. North Branford CT. 
http://pxinc.com/  
[4] Ashland Advanced Materials Group. Bridgewater NJ. 
http://filmqapro.com/FilmQA_Pro.htm 
 
13 
X-Ray Phase contrast micro-imaging in neuroscience 
G. Barbone1, A. Bravin2, B. Brun2, A. Mittone2, G. Le Duc2, G. 
Battaglia3, P. Romanelli4, P. Coan1,5 
1Department of Physics, Ludwig Maximilians University, 1 Am 
Coulombwall, Garching, 85748, Germany 
2 European Synchrotron Radiation Facility (ESRF), Grenoble 
38043, France 
3 Department of Molecular Pathology, Neuropharmacology 
Section, I.R.C.C.S. Neuromed,  
86077 Pozzilli, Italy 
4 AB Medica, 31 via Nerviano, 20020 Lainate, Milano, Italy 
5 Department of Clinical Radiology, Ludwig Maximilians 
University, 15 D Marchioninistr., Munich, 81377 Germany 
 
Purpose: The advent of modern neuroimaging with computed 
tomography (CT) and magnetic resonance (MR) imaging has 
allowed for a better diagnosis and characterization of brain 
abnormalities and diseases. Despite the deep insights offered 
by these imaging methods, their sensitivity and/or spatial 
resolution are insufficient to study the structures of this very 
complex tissue at the cellular level. X-ray phase contrast 
imaging may provide the opportunity to overcome many of 
the limitations affecting current diagnostic methods [1-8].  
Materials/methods: Pre-clinical imaging on the micro- and 
nano-scale with multidimensional resolution (spatial, 
temporal and chemical) is possible when high intensity, 
energy selective and collimated photon beam are used. 
Advanced X-ray phase contrast imaging techniques have been 
developed and used for investigating excised rat and human 
cerebella without the application of any stain or contrast 
agent.  
Results: Images clearly depict the hippocampus and 
cerebellum regions (with white and gray matter) and the 
substantia nigra structure. Normal and tumor tissues are also 
effectively discriminated.  
Conclusions: Proof of principle studies in phase contrast 
micro-CT were performed on irradiated rat brains, 
demonstrating the ability of the method in visualizing not 
only the fine architecture of the organ but also the effects of 
the treatment. Data are validated by comparison with 
histology. This presentation will give an overview of the 
recent results produced in pre-clinical neuroimaging 
research. 
 
Keywords: Phase Contrast Imaging, Neuroscience, X-Ray 
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Purpose: Alanine pellets provided by the National Physical 
Laboratory (UK) have been proposed as a dose verification 
tool in hadron beams. Multiple studies demonstrate a 
relatively weak and reproducible dependence on the mixed 
radiation environment found in Spread out Bragg peaks in ion 
therapy. Quenching effects can be modeled with little effort, 
in conjunction with Monte Carlo particle transport codes [1]. 
Methods: During the in-vivo irradiation with C-12 ions 
presented in the paper [2] several pellets of Alanine were 
positioned at the same SOBP depth where the tumor target 
was located. Alanine pellets were provided and read out by 
NPL in Teddington, UK. The resulting dose-to-water is 
translated to dose-to-alanine, and compared with the 
quenching corrected calculated dose-to-alanine calculated 
with Monte Carlo simulations. 
The Monte Carlo particle transport code FLUKA was used to 
simulate the mixed particle spectrum along the beam. The 
Hansen & Olsen response model [1,3] is provided as a user 
function and linked into the FLUKA runtime.  
Results: Most experimental dose-to-alanine valued agree 
within a few percent to the predicted and quenching 
corrected values. Quenching factors are found to be around 
0.75 at the center of a 3 g/cm2 wide Carbon ion SOBP, 7.3 
g/cm2 deep with a dose average LET of ~60 keV/µm. 
Conclusions: We have successfully demonstrated the use of 
the Alanine dosimeter in an in-vivo dose verification setting. 
Alanine pellets appear to be a robust solid state dosimeter, 
provided information of the mixed radiation field can be 
retrieved by supplemental Monte Carlo calculations. 
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Purpose: Experimental evidence suggests a variable relative 
biological effectiveness (RBE) of clinical proton beams. As 
the spread in data is large a conservative choice of 1.1 is 
used in clinical practice world-wide. Due to an increasing 
interest several radio-biological models have been developed 
trying to represent the complex dependencies that determine 
RBE. We compare predictions obtained from such models for 
clinical-like cranial irradiations. 
Material/methods: Three models proposed in the literature 
[1,2,3] were implemented to an in-house Monte-Carlo-based 
dose forward-calculation engine [4,5]. They were applied to 
ICTR-PHE 2016  S7 
 
two scenarios defined by different tissue parameter values 
(α/β)x representing high and low radio-sensitivity. We 
systematically compared RBE predictions as a function of 
(α/β)x and proton linear energy transfer (LET) values in a 
spread-out Bragg peak (SOBP) in water and analysed results 
on patient-CT anatomy for cranial irradiation in terms of 
absorbed dose-to-water, dose-averaged LET (LETD), RBE-
weighted dose-to-water and biological range shift 
distributions.  
Results: Different levels of agreement depending on (α/β)x 
and LET values were found in the systematic comparison of 
RBE predictions. The SOBP study emphasizes a variation of 
LETD and RBE not only as a function of depth but also of 
lateral distance from the central beam axis. Applying the 
different models to cranial treatment plans we observe 
consistent discrepancies from the values obtained for a 
constant RBE of 1.1 when using the variable RBE scheme in 
tissues with low (α/β)x, regardless of the model. An example 
is reported in figure 1. Biological range shifts of (0.6-2.4) mm 
(high (α/β)x) and (3.0-5.4) mm (low (α/β)x) were found in the 
fall-off analysis of individual profiles of RBE-weighted 
fraction dose along the beam penetration depth. 
Conclusions: Although more experimental evidence is 
required to validate the accuracy of the investigated models, 
their consistent trend suggests that their main RBE 
dependencies should be included in treatment planning 
systems. Evaluation of the impact of a variable RBE scheme 
on the plan optimized using a constant RBE would thus be 
enabled, constituting a first step towards a more robust 
choice of biological dose delivery in proton therapy. 
 
Keywords: Proton therapy, RBE-weighted dose, Monte Carlo 
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Biological dose calculated using the constant factor of 1.1 
(left) or two different radio-biological models [2,3,5] for low 
(α/β)x, overlaid on the treatment planning CT image; Contour 
outlines the physical target volume.  
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Radiotherapy has proven efficacy to inactivate cancer stem 
cells and is a highly personalized treatment modality, 
tailoring treatment plans for each individual patient based on 
precise anatomical information on tumor size and location as 
well as on normal tissues in the irradiated volume. Models 
based on clinical data, radiobiology and radiation physics are 
routinely used in radiotherapy for generating individualized 
space-resoluted radiation dose distributions, as well as for 
assessment of tumor control probability- vs. normal tissue 
complication-models. Tremendous improvement in high-
precision radiation delivery and planning technology has been 
achieved during the past decades and rapidly been translated 
into clinical practice. 
The new frontier in radiation oncology-related research is 
now to bring together advances in tumor and molecular 
biology with the full potential of high-precision radiation 
technology. Examples of these developments include the 
discovery and assessment of biomarkers specific for 
radiotherapy, the combination of radiotherapy with 
molecular targeted drugs, and the individualization of 
treatment planning by biological imaging. Individualized 
radiotherapy in the future will integrate biological 
information on the specific tumor and on surrounding normal 
tissues in the treatment strategy of patients. Novel 
predictive and prognostic markers demonstrate high potential 
for advancing personalized radiation oncology in preclinical 
and clinical-translational studies. So far this applies for 
stratified selection of total dose, however, in the future also 
personalized dose-distribution and fractionation parameters 
as well for the combined therapies of radiation with specific 
drugs might become predictable by biomarkers. A specific 
feature of personalized radiation oncology is that already 
broad biological stratification of patients has the potential to 
remarkable advance individualization of therapy as this 
information adds a power-function to the fully anatomically-
personalized dose-distributions clinically achieved today. 
This talk will review preclinical and clinical examples of 
potential strategies to increase cure rates by adding a biology 
dimension (e.g. predictive/ prognostic markers) to 
personalized radiation oncology. 
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Purpose:  Several studies indicate the potential dosimetric 
benefit of combining IMRT and VMAT in a hybrid approach [1, 
2].  This study evaluates the accuracy of in-vivo portal 
dosimetry for a variety of hybrid IMRT and VMAT plans for 
radiotherapy of the prostate. 
Materials/methods:  Hybrid IMRT and VMAT plans were 
retrospectively constructed for five prostate patients.  Three 
PTVs were used, namely PTV74Gy, PTV71Gy and PTV60Gy.  
For each patient, seven 6MV plans were created: a conformal 
VMAT arc, a VMAT arc with limited modulation, and five 
hybrid IMRT / VMAT arcs, with 0%, 25%, 50%, 75% and 100% 
IMRT respectively, with 0% corresponding to normal VMAT 
and 100% corresponding to 11-beam IMRT.  All plans consisted 
of a single anticlockwise arc with 111 segments ranging in 
gantry angle from 110° to 250°.  The hybrid plans were 
created by grouping the control points into 20° groups, and 
then selecting the groups with the most complex intensity 
maps for sequencing as IMRT, with the remaining groups 
sequenced for VMAT. 
Predicted integrated portal images were created for all plans 
as delivered to a water-equivalent phantom [3].  The plans 
were then delivered to the phantom as a single beam 
sequence using an Elekta Synergy accelerator with Agility 
head and integrated images were measured using an Elekta 
iViewGT portal imager.  Predicted and measured images 
were compared in terms of mean gamma and percentage 
